We review the progress of multi-wavelength distributed feedback (DFB) quantum cascade lasers (QCLs) as sources for broadband mid-infrared (mid-IR) spectroscopy. While it is possible to tune the emission wavelength of DFB QCLs in a frequency range of about 5 cm −1 by varying the operating temperature and driving current, continuous, deterministic and mode-hop free tuning remains challenging. To use these laser sources for broadband spectroscopy applications and to exploit their narrow linewidth, the equalization of the power across the multicolor spectrum is another requirement. Various approaches are reviewed: conventional DFB QCL arrays, surface emitting DFB QCL arrays, on-chip beam combined DFB arrays, multi-channel Vernier-based switching DFBs, and dual-wavelength DFBs. The results are presented to highlight the applicability of these sources for broadband and high-resolution trace gas spectroscopy. The results for multi-species trace-gas spectroscopy using dual-wavelength QCLs are presented in more detail, where the best precision as determined from Allan-Werle plots was obtained for measurement of NH 3 with 0.02 parts per billion (ppb) at 100 s integration time, and typical values for the other trace gases of the order of 0.1 ppb. These results indicate that spectrometers using dual-wavelength QCLs can serve as an all-in-one solution for high precision gas spectroscopy.
Introduction
Quantum cascade lasers are unipolar intersubband devices, emitting in the mid-IR and THz parts of the electromagnetic spectrum [1, 2] . In contrast to interband lasers, in which the gain is always accompanied by absorption at higher frequencies, the intersubband active regions can be designed such that they exhibit a large window of transparency. As a result, they offer excellent tailoring of their spectral gain by band structure engineering of the active region and stacking cascades of different gain profiles [3, 4] . In addition, they provide the possibility of precise mode control via distributed feedback (DFB) and distributed Bragg reflector (DBR) gratings [5] [6] [7] . Thanks to the small Henry's linewidth enhancement factor of DFB QCLs, these lasers have been shown to have a low white frequency noise, and therefore narrow intrinsic linewidth described by the Schawlow-Townes limit [8] [9] [10] . Their performance in the mid-IR range, in which one can access the fundamental ro-vibrational transitions of many pollutant and greenhouse gas molecules, makes them the preferred choice for laser-based trace gas sensing applications [11] [12] [13] [14] .
As compared with the beam combination of multiple single frequency devices [15] [16] [17] , multi-wavelength QCLs can bring a substantial simplification to the optical designs and hence to realize more robust, compact, and cost-effective multi-component gas spectrometers [14, 18] . In order to realize broadband spectral coverage in mid-IR, QC active regions with a broadband gain and equalized intensity are required [3, 4, 19] . Another prerequisite is a mode control scheme that allows wavelength selection and tunability over this broadband gain spectrum. The approaches for realization of broadband and single mode QCLs can be categorized in three main types: (i) external-cavity QCLs, where the emission mode is controlled by an optical filter consisting usually of a grating in the Littrow configuration [4, 20, 21] (figures 1(a)-(b)), (ii) multi-wavelength DFB QCL arrays, where multiple electrically switched single/multimode DFB QCLs are arranged such that they cover multiple target wavelengths with either continuous or discrete spectral coverage [5, 22, 23] (see figures 1(c)-(d)), and (iii) multi-channel DFB QCLs, where thermal tuning combined with Vernier effect is used to switch the lasing channel and which optimal designs can cover the gain spectrum in continuous and discrete tuning mode (figures 1(e)-(f)). Dual-wavelength DFBs discussed in this review, can be considered as special case of (ii) or (iii). Not all types of single mode QCL emitters, such as single mode QCLs based on asymmetric Mach-Zehnder interferometer structures [24] , are covered in this review since there are no demonstrations of broadband tuning of those sources. QCL frequency combs are the other broadband QCL sources that have been demonstrated to be powerful sources for spectroscopy with very narrow intrinsic linewidth and broadband emissions [25] [26] [27] . Gas spectroscopy applications using frequency comb QCLs are evolving very fast, but require relatively sophisticated data acquisition, laser driving and data corrections and thus fall outside the scope of this review [26, 28, 29] .
External cavity QCLs have the advantage of broad tunability and a single output optical beam that eases the interface with the rest of the optical setup (see figures 1(a)-(b) for detail). However, the mechanically controlled frequency tuning rate of these laser sources, which is in the range of 0.1 to 25 cm
/ms for state-of-the-art commercial devices [21] , and <1000 cm −1 /ms for the fastest ones based on acousto-optic Despite the narrow width of tuning of each element, the lasing spectrum of array can cover wide range of spectrum of the gain. (e) Schematic of a Vernier tuning DFB QCL, consisting two sections, each with an integrated sampled grating with corresponding grating periodicities Λ g that is sampled at periodicities Λ s (L¢ s ) in the front (back) section of the device. The slight differences in the periodicity of sampling of gratings leads to slight differences in the reflectivity of each section, shown by blue and red in part (f). (f) Upper panel shows the reflectivity of the two sections in absence of heating, where the arrow marks the aligned reflection channel and therefore the favorable lasing channel. Lower panel shows the switching mechanism, where the reflectivity of one of the mirrors (orange one) is red-shifted and therefore the aligned reflection channel and the favorable lasing channel of laser is switched.
modulators [30] , limits the spectroscopy of gas species with distant absorption features. More importantly, the mechanical tuning of external cavity QCLs causes low repeatability and accuracy of their wavelength (typically for commercial external cavities >0.1-0.5 cm
) which limit their application for highsensitivity gas spectroscopy measurements.
In this review, we focus on approaches using DFB QCLs for realization of sources for mid-IR spectroscopy. Due to the limited tuning range of DFB QCLs (typically <5 cm −1 ), multiplexing of DFB QCLs has been extensively explored over the past years in order to realize broadband mid-IR sources. Indeed, the limitation to very few compounds within the spectral coverage of a single DFB laser can be overcome by rapid time-multiplexing of several single-wavelength QCLs. This approach has the advantage of high selectivity and sensitivity in each DFB QCL tuning window as well as being compatible with fast electrical switching. In the following, we review and compare different design architectures with focus on the application in multi-component trace-gas sensing.
DFB QCL arrays and MOPAs
The first realization of DFB QCLs with different emission wavelengths on a single active region was demonstrated in 2006 [31] . Employing first-order DFB gratings with different periods to an active region with a bound-to-continuum design allowed single mode continuous wave emission at several wavelengths ranging from 7.7 to 8.3 μm at a temperature of +30°C. In 2007, the demonstration of a multi-wavelength DFB QCL array was reported with an array of 32 DFB QCLs operating between 8.7 and 9.4 μm on a chip [32] (see figure 2) . The broadband coverage (∼85 cm −1 ) was achieved by a combination of electrical switching and thermal tuning. In order to have deterministic control over the lasing frequency range of individual QCLs, a strongly over-coupled grating was used (κL∼11, where κ and L are the grating's coupling strength and the device length, respectively). In this way, the effect of the end facet mirrors on the mode selection (see for detail [33, 34] ) was effectively suppressed and all the lasers of the single array were lasing in single-mode and all on the high-frequency side of the photonic gap formed by the DFB gratings. The slope efficiency of the reported array, however, had variation of one order of magnitude (from 20 mW/A to 200 mW/A) over its optical bandwidth. This variation of the slope efficiency was attributed to the random position of the cleaved laser facets with respect to the gratings, as described later in [35] , as well as the non-uniform injection over the laser ridge due to the deeply etched DFB gratings. A later realization with an extended broadband operation up to 200 cm −1 and improved equalization of the output power (the slope efficiency varying between 250 and 2500 mW/A) [35] still suffered from this problem. These DFB arrays were employed for spectroscopy measurements of liquid phase of methanol, acetone, or isopropanol in [33] . The broad absorption lines of the mentioned gases were measured either by pure switching of DFBs or by a combination of electrical switching and temperature tuning.
The same approach was employed by other groups [19] , where 6 stacks of discrete wavelength quantum cascade stages, emitting at 5.9-10.9 μm, were stacked to realize a ∼760 cm −1 broadband active region (see figure 3(a) ). A uniform threshold current density across the lasing spectrum was demonstrated on a DFB array consisting of 24 QCLs. The peak output power (1% duty cycle pulse driving condition) was varying significantly on the edge of the gain bandwidth. The single mode emission under pulse condition was obtained over a significant portion of spectral range. The peak power variation was attributed to the unbalanced gain over the design spectrum, and, similar to the previous demonstrations, to the strong variation of κL over the design spectrum. Whereas, the inhomogeneity of the gain across the target optical bandwidth can be corrected by improvement of the active region design or redistribution of the stacked active region, for a given length of a DFB array, compensation of the spectral variation of the coupling strength requires relatively sophisticated anti-reflective coatings. . Inset: the two modes on either side of the photonic bandgap, where the spacing is a measure of the coupling strength of DFB grating. When single mode operation is achieved, side mode suppression ratio (SMSR) was measured to be >20 dB. (c) Light-current-voltage (LIV) characteristic of the array elements: while the threshold currents of most of elements are similar, the slope efficiency and therefore the peak output power varies significantly. Adapted with permission from [33] .
In order to overcome the peak power variation in DFB arrays, master oscillator power amplifiers (MOPAs) have been considered, which consist of a master oscillator section to generate a single mode TM 00 mode and a power amplification section [36] . The two sections are electrically isolated in order to be biased with different current densities. This feature allows equalizing the output power of the array over its operation bandwidth. High peak output powers varying between 2.7 W to 10 W was reported for the single mode operation condition with optimum value of the bias current in the master oscillator and power amplifier section (see figure 4 (c)) [6] . High SMSR of >20 dB was reported at the wavelengths ranging between 9.2 and 9.8 μm (∼70 cm −1 ), when single mode emission was achieved [36] . The proper design of the power amplifier section allows individual devices to exhibit single-lobed far-field characteristics with an average FWHM angle of the narrow in-plane intensity distribution of 7.7°(see figure 4(b) ). The reported values for the single mode output power of the MOPA array in figure 4 (c) were characterized by gradually increasing both the master oscillator and power amplifier currents up to a point, where single-mode operation was compromised due to lasing at additional modes. The multimode operation (as reviewed in [36] ) can be attributed to either the multi-mode seeding in the master oscillator section (limited single mode emission dynamic range of master oscillator section) or the self-lasing in the power amplifier section at high injection currents. The evenness of the frequency of the arrays was limited to the lack of the control on the lasing of each element on the either side of the DFB photonic band gap, and was varying between 3.1 and 6.1 cm −1 [6, 37] . The multimode operation caused by the facet effects in MOPA arrays was shown to be even stronger than DFB arrays with anti-reflective coatings on the front facets. This is due to the fact that any residual facet reflection can be amplified in the power amplifier section. Therefore, the authors proposed improvement of the anti-reflective coating, application of anti-reflective coating to both back and front facets, or using overcoupled DFB gratings similar to [33] . Introducing a defect into the photonic bandgap of the DFB section, called quarterwave-shifted (QWS) DFB, can lead to the lasing mode in the middle of the photonic gap. The QWS design can strongly localize the optical field in the middle of the DFB section and therefore can reduce the effect of the facet. Although, the QWS DFB QCLs were successfully demonstrated as a solution for having deterministic lasing frequency in diode lasers [38, 39] , good anti-reflective coatings seem to be a prerequisite in midIR QCLs. The later attempts by the same group showed no improvement on the mode selection control, while still a considerable portion (∼25%) of the elements of the array were lasing on the either side of the photonic bandgap and not on the defect mode [37] . Moreover, the QWS design showed lower output peak power than MOPA arrays without QWSs, which varied between 0.8 and 3.9 W.
The MOPA arrays feature considerable improvement in the output power compared to conventional DFB arrays, but at the cost of less mode control. The two sections of MOPA arrays, or even three in case of the QWS DFB QCLs with an additional absorber section, add to the complexity of the driving electronics for these arrays compared to conventional DFB arrays. In order to simplify the electronic driving, another design called DBR/tapered oscillator array, was reported later by the same group [40] . The design is essentially the same as the MOPA array with the only difference that all devices are pumped at the same current. This design showed a lower single mode dynamics range since the facet of the tapered section makes a Fabry-Perot cavity which allows lasing on the side modes.
Most of the measurements reported so far from MOPA DFB arrays or tapered DFB arrays were performed with low duty cycle and short pulses (for instance in [36] ): 10 kHz repetition rate and small duty cycle of 0.025% at a heat sink temperature of 18°C). The short pulse operation condition however does not insure the performance of these arrays in terms of the output power, single mode emission dynamic range and particularly the mode-hop free tuning in continuous wave or intermittent continuous wave operation. The modehop free tuning is of crucial importance to perform highresolution spectroscopy exploiting the narrow linewidth of DFB QCLs [41] . Therefore, the difficulty in insuring continuous single mode tuning of all array elements makes high resolution spectroscopy using MOPA arrays challenging but these sources have great potential for spectroscopy of liquids or heavy molecules with broad spectral features [33] .
Even though, the beam quality was improved in MOPA arrays or the tapered DFB arrays for each single device [42] , spectroscopy applications that demand long optical path cells require the combination the whole array emission in a single collimated beam. Using a single lens, as is done conventionally in front of the array, leads to large variation of the pointing angle of the output beam [34] . The wavelength beam combing using a single [43] or double grating scheme [44] can lead to much smaller pointing errors of 2 mrad or 0.2 mrad, respectively. The power losses due to the mismatch of the laser polarization and gratings was estimated to be less than 30% [34] .
Surface emitting DFB arrays
Surface emitting ring cavity QCL arrays were reported in [22] , where each element consists of a ring cavity with radial second-order Bragg gratings etched into the top cladding. In contrast to edge emitting DFB arrays, due to the absence of facets in the ring cavity QCLs, the performance of ring cavity QCL arrays is mainly determined by the incorporated gain material and is not affected by the underlying frequency selection mechanism. The results in [22] showed only little wavelength to wavelength power variations (from 20 to 60 mW) over a bandwidth of 180 cm −1
. The output power spectrum was shown to follow the gain profile of the active region (see figure 5(b) ). The main challenges of ring cavity surface emitting arrays lie in the low output power and in the beam combination which has to account for the two dimensional design and the large footprint of these devices [34] . The narrow far-field and the 2D array geometry is, however, well suited to match with a microbolometer camera. The same group has also demonstrated a highly integrated mid-IR remote sensor consisting of quantum cascade lasers and detectors on the same chip with efficient mutual communication of the laser and detector and proof-of-principle gas measurements with a limit of detection below 400 ppm [45, 46] . Surface-emitting QCL arrays using DBRs together with a second order extractor have been also reported by our group [23] . The spectral coverage of 175 cm −1 and peak power of <2mW was demonstrated as a proof of principle in 8-10 μm range. The far-field featured an acceptable value of 8.3°and 18.3°in the transverse and longitudinal direction, respectively. The main drawback of this approach was the limited output power (see figure 5(d) ). The latter was mainly caused by the current leakages, the limited bandwidth and the low outcoupling efficiency of the second order gratings used to extract the emission of the array.
Vernier based switching DFB laser
Integrated sampled grating reflectors using the Vernier effect, have been used to extend the tuning range of semiconductor lasers diodes [47, 48] . This approach was successfully applied to QCLs with multiple sections [49] [50] [51] [52] . In [50] , the device was current-tuned between ten single modes spanning 63 cm −1 , from 8.32 to 8.78 μm. The peak optical output power exceeds 280 mW for nine of the modes. In this design as shown in figure 6(b) , the switching of the lasing channel and tuning is performed by the current in the front or back section of the laser (labeled as SGR1, SGR2 in the figure 6(a) ). For instance for the spectral tuning shown in part (b), the SGR1 is biased at fixed current and therefore temperature tuned continuously. SGR2 section is, however, switched on with short pulse at a delay t del . Depending on the time delay, and therefore the relative frequency shift of the back/front section mirror's reflectivity with respect to its counterpart, the lasing channel is selected. Although one can realize switching and tuning of these lasers, the required sophisticated electronic driving limits this approach for spectroscopy applications.
Similar structures have been realized in [53] , where the sampled grating DFB laser source is comprised of a series of short gratings periodically sampled on the two sections ( figure 6(c) ). Continuous wave operation at room temperature with frequency tuning up to 50 cm −1 at 4.8 μm was demonstrated for these lasers. The tuning range of each sampled grating DFB was demonstrated to be about one order of magnitude larger than the tuning range of the conventional DFBs. The mean SMSR of the sampled grating DFBs was shown to be ∼24 dB, and the output power was exceeding 100 mW.
In the two presented Vernier extended tuning DFB QCL designs, the switching from one Vernier channel to the other is controlled via bias current in the laser sections. This indeed affects both the shift of the DBR stop bands and the output power. Since one important prerequisite for many gas spectroscopy applications is the sources with continuous tuning capability, the sophisticated electronic driving required for these designs limits their applications.
The later design in [54] provides more degrees of freedom in switching the lasing channel and tuning the lasing wavelength owing to the integrated heaters (see figure 6(e) ). In fact, the existence of the integrated resistor heaters buried close to the active region allows to switch the different channels of the Vernier grating by applying the required temperature difference ΔT between the front and back section of the laser. The bias current of the laser section (both front and back section) can then thermally tune the selected channel by heater. This is shown for instance in figure 6(f) , where the laser and integrated heater were used as two independent control knobs to tune the laser emission quasi-continuously over ∼20 cm Vernier based switching devices can, therefore, offer an excellent tuning range and an inherent combination of all beams in a single waveguide.
Monolithic beam combiners applied to DFB arrays
In order to simplify the beam combination of DFB arrays, monolithic beam combination of DFB array has been considered in [55, 56] . These beam combiners are interesting for integration of the QCL sources to stand-off systems, but unfortunately they exhibit low power efficiencies. In the following we will present the two most relevant approaches one can consider for monolithic beam combiner design: (a) achromatic beam combiners, where the trade-off between the single transverse mode emission and the power efficiency (keeping the single transverse emission) should be considered. This has however the advantage of design simplicity. (b) Spectrally selective beam combination with more complicated designs that limits the practically achievable power efficiencies.
An array of sampled grating DFBs with monolithic beam-combiner was reported at wavelengths between 6 to 10 μm in [56] . The 21 targeted lasing channels were realized through 8 sampled grating DFB QCLs, exploiting the advantage of the sampled grating DFB design in order to reduce the number of the elements of a DFB array. These arrays with 8 DFB QCLs were beam combined to a single output using a three-stage Y-junction and S-bend waveguides. The last Y-junction was replaced with a two-in-one funnel combiner in order to suppress the higher order modes (see figure 7(a) ). The grating periodicity was varied over 8 laser ridges from 0.97 to 1.40 μm in order to cover the bandwidth of 520 cm −1 , where each laser ridge provides Vernier tuning between 45 to 65 cm −1 . While the peak power of DFB array realized on the same active region exceeds ∼300mW (see figure 3) , the maximum peak power of the monolithically beam combined array was below 5 mW. This difference in the performance was attributed to the significantly higher threshold of the sampled grating DFB QCLs as compared to DFB QCLs (∼2.2 times higher) and the transmission losses in the beam combiner region. Despite the careful design of the beam combiner waveguide in order to suppress the transverse modes, the combined arrays did not show great spectral properties evident by the strong variation of the SMSR from few dB to >20 dB over the operating bandwidth (see figure 7(b) ). This laser source was employed in a proof of principle spectroscopy application for measurement of the broadband absorption spectrum of methane [56] . Our group demonstrated the use of second-order DFB gratings in order to extract and recombine the emission of an array of DFB QCLs to a single waveguide (see figure 7(c) ) [55] . The proof of principle of functionality was demonstrated with spectral coverage of 170 cm −1 but with an estimated peak power < few μW [55] due to losses and coupling efficiency of couplers (see figure 7(d) ). Thermal performance of the device, comprising of two wafer-bonded chips, was another limiting factor in its final performance.
In summary, the so far reported monolithic integration of beam combiners to DFB QCL arrays are limited by either their high side mode suppression ratio (strong variation of SMSR from few dB to >20 dB [56] ) or by their low output peak powers (< few μW in pulse [55] ).
Dual-wavelength DFB QCLs
An alternative approach to an array of emitter equally spaced in frequencies is to select specific windows of interest in the mid-IR spectrum and probe the gases with a few multiwavelength QCLs, more specifically dual-wavelength DFB QCLs [57, 58] . This approach simplifies the optical layout of the final multi-species gas spectrometer, and at the same time allows optimizing the device performance of dual-wavelength sources with more design freedom. The targeted spectral regions cover the whole mid-IR spectrum from 4.25 μm to 9.5 μm with six narrow spectral windows, each one having a bandwidth of few cm C]) have strong absorption lines that can be measured. The latest demonstration of the spectrometer used two dual-wavelength DFB QCLs and one single wavelength DFB QCLs, but the design can be easily adapted to three dual-wavelength DFBQCLs. Using three dual-wavelength DFB QCLs instead of six single wavelength DFB QCLs has the advantage of a great reduction of the complexity for combination optics needed to guide the beams through the same interaction volume and onto the detector [18] . For details see the next section on the spectroscopy results using dual-wavelength DFB QCLs.
Our group demonstrated the first sequentially operating pulsed dual-wavelength QCL with electrically separated laser sections, emitting single-mode at 5.25 and 6.25 μm in 2014 [59] . Based on a single waveguide ridge, this laser represented a considerable asset to optical sensing and trace gas spectroscopy, as it allows probing multiple gas species with spectrally distant absorption features using conventional optical setups without any beam combining optics. Initial gas spectroscopy results demonstrated for simultaneous NO and NO 2 detection, reaching sub-ppb detection limits and selectivity comparable to conventional high-end spectroscopic systems.
Motivated by these encouraging results we developed three designs for dual-wavelength lasers allowing electrically switching between different wavelengths: (i) Dual section DFB QCLs, (ii) Neighbor DFB QCLs, (iii) Dual-wavelength Vernier switching and tuning DFB QCls. The first two designs have been successfully employed in intermittent continuous wave mode operation [60] with a repetition rate of about 1kHz for each device, where the results of atmospheric measurements of the greenhouse gases (CO 2 , N 2 O, CH 4 , and H 2 O), and the pollutant gases (CO, NO, NO 2 ,O 3 , SO 2 and NH 3 ) in a single optical setup will be summarized.
The first dual-wavelength targets 2190 and 2281 cm −1 to detect CO 2 (including its major isotopologues), CO and N 2 O gases [57] . The design consists of two DFB lasers with QWS structure for better control over the mode selection, implemented on a single ridge device. The electrical isolation of the two sections were realized by a shallow etch trench between the two section. Dual-section DFBs at 4.34 and 4.56 μm had quite similar performance, as shown by the comparable threshold currents and slope efficiencies for both sections in continuous wave driving condition in figure 8(a) . The power modulation as a function of injected current observed in these devices was attributed to the internal etaloning effect, where the temperature profile varies along the laser ridge, and hence the effective refractive index (n eff ) causes change in the cavity resonances for the back and front section. This etaloning effect has a strong impact on both frequency tuning and output power of the laser. This effect was considerably reduced by applying anti-reflective coating on the front facet of the laser [57] . The time-resolved measurements also showed the mode-hop free tuning and smooth variation of the laser intensity when driving the laser in intermittent continuous wave mode (see figure 8(b) ). The initial spectroscopy results using dual-section QCLs at 5.26 and 6.25 μm are shown in [59] for NO and NO 2 detection, reaching sub-ppb detection limits. Later on in [57] , the simultaneous measurements of the gases CO 2 , CO and NO 2 were reported with a precision of 0.055 ppb, 0.042 ppb, and 0.075 ppm (at 60 s integration time), respectively, using devices at 4.25 and 4.55 μm.
Another design of dual-wavelength DFB QCLs demonstrated by our group is called neighbor DFB (NDFB) QCLs, consists of two electrically isolated DFB QCLs integrated side by side, where each one lasing at different wavelength. This design can be considered as a simpler version of DFB QCL arrays, where each of the QCLs targets a well defined lasing frequency that can be in our case 300 cm −1 apart from each other. The spacing between DFB QCLs can be as small as 20-35 μm, the limit being given by the minimum practical spacing required between the ridges for the standard buried heterostructure fabrication process [11] . This design has been successfully shown for two mid-IR windows, i.e. 5.26 and 6.25 μm as well as 7.4 and 9.5 μm [58] (see figure 9 for the results at 7.4 and 9.5 μm). The advantage of this design over DFB arrays is the small spacing that allows for a standard packaging optics, e.g. High Heat Load (HHL) packaging, with a collimating lens of focal distance of f=4mm to have a very small pointing angle error as 5 mrad. The latter value is comparable to the best value achieved for beam combination of DFB arrays using a single grating [43] .
The spacing of the NDFB beams has been measured at the center of a 76-m-long multipass cell to be about 2.3 mm. The width of the dual beam at the entrance to the multipass cell was about the same size as the coupling hole of the cell, which has a diameter of 4.2mm. Therefore, the beam of the NDFB was able to be focused on a single detector at output. This is indeed of crucial importance as it allows integration of these devices without complicated beam combining optics. This design was used at 1600 and 1900 cm −1 in [18] for measuring NO and NO 2 gases with 0.4 ppb and 0.1 ppb precision, respectively, for an integration time corresponding to the minimum of an Allan-Werle deviation plot.
Moreover, the NDFB design offers extension of the tuning range up to ∼10 cm −1 using the neighbor laser as an integrated heater similar to the demonstrated extended tuning DFB QCLs with integrated heater [61] . The temperature-tuning coefficient of β =~ĺ l -
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suitable for other techniques for trace gas sensing like wavelength/frequency modulation spectroscopy [62, 63] or photoacoustic spectroscopy [64] . Both dual-section and NDFB QCLs have been successfully realized and employed in a compact multi-species gas spectrometer with a small footprint of 45×45 cm 2 . To try and alleviate the limitations of the previous designs, that is the pointing error of the NDFB QCLs and the etaloning of the dual-section devices, we have investigated Vernier switching and tuning DFB QCLs [58] as another option to realize dualwavelength DFB QCLs. The Vernier effect was exploited on digitized gratings [65] , that allows switching between DFB modes that are 300 cm −1 apart. Frequency tuning was thermally induced by two heater sections, which are made from wide ridges of the active region etched in close proximity to the laser ridges (see inset of figure 10(a) ). The heaters in this design are electrically isolated from the laser ridge which can be beneficial for other spectroscopy techniques such as frequency modulated spectroscopy. The front and back heater sections are separated by a narrow dry-etched trench that allows efficient tuning as well as electrical isolation between them. The active region gain was designed such that it is balanced around the wavelengths of laser emission. The wavelength switching was successfully demonstrated for short pulses as shown in figures 10(b) and (c). The LIV characteristics of the device shows higher threshold for the switched channel, i.e. the lasing channel that requires thermal tuning of the mirror reflectivity. When the front heater is not driven, and the device is aligned to the 1600 cm −1 channel, good intermittent continuous wave performance is demonstrated, evident by the mode-hop free tuning over the whole 15 μs pulse. For the 1900 cm −1 channel, however, intermittent continuous wave performance was limited to pulses shorter than 1 μs. This limited operation mainly comes from the thermal management of the device, which has to handle the heat load coming from the large ridge width of the laser section as well as the increased temperature of the laser ridge by approximately 27°C caused by the power dissipation of the heater. One should also consider the self-heating effect that is expected to be 30°C in the first 500 ns of the applied pulse. Improvement of the efficiency of the active region, better thermal management of the laser by fabricating narrower ridges, or reducing the optical losses of the cavity by waveguide design may further improve the Vernier based DFB QCLs. Integration of the gain section in the middle of the device would reduce the thermal heating of the gain when activating the heaters for switching. This may help increasing the maximum operating temperature and should be considered for further realization of such devices. 
Multi-species trace gas sensing with dualwavelength QCLs
The dual-section and NDFB QCLs presented as dual-wavelength DFB QCLs have been successfully employed in a midinfrared laser absorption spectrometer [18] . Figure 11 (a) summarizes the choice of five target frequencies along with the corresponding species. These selections represent a good compromise between maximal line strength, minimal interference from water vapor, and the objective to cover several target molecules within the scanning range of every laser. A schematic of the optical layout for the multi-laser instrument is shown in figure 11(b) . The divergent outputs of the QCLs are focused with aspheric lenses with focal length f=6mm such that their beam-waist is matched to the multipass cell (AMAC-76, Aerodyne Research Inc.). The beams are combined using a custom dichroic (optimized for reflection at λ=4 μm and transmittance at λ>5 μm) and a wedged CaF 2 beam splitter (BSW510, Thorlabs). The beam exiting the multipass cell is then focused onto a thermoelectrically cooled MCT detector (PVM-4TE-8, Vigo Systems, S.A.) using a spherical mirror with a focal length of 75 mm.
The lasers are driven time-multiplexed in intermittent continuous wave mode with a repetition rate of 1 kHz [66] . The individual spectra are real-time averaged (1 s) by an FPGA-based data acquisition system. The combination of two dual-and one single-DFB QCL yields high-precision measurements of CO (0.08 ppb), CO 2 (100 ppb), NH 3 (0.02 ppb), NO (0.4 ppb), NO 2 (0.1 ppb), N 2 O (0.045 ppb), and O 3 (0.11 ppb) simultaneously in a compact setup (45×45 cm 2 ). The summary of Allan-Werle deviations representing the 1σ limit of detection and the corresponding absorption noise given after 1 s integration time and at the Allan deviation minimum ('best'), which was typically reached between 100 and 300 s integration time, are summarized in table 1. The instrument was assessed for environmental monitoring and benchmarked with reference instrumentation to demonstrate its potential for compact multi-species trace gas sensing.
Conclusion
We reviewed the progress in realization of multi-wavelength DFB QCLs for broadband gas spectroscopy in the mid-IR spectrum. Most of the DFB QCL arrays reported so far suffer from the strong variation of the performance, i.e. the output power and deterministic lasing frequency, over their operation optical bandwidth. These issues have been addressed in MOPA DFB arrays, where high peak powers and almost uniform performance were demonstrated. While these designs cover a wide bandwidth of ∼100-200 cm −1 , high-resolution spectroscopy remains challenging because it typically requires deterministic control over the lasing frequency and mode-hop free tuning. Although, these sources achieve a spectral coverage nd quasi-continuous wavelength tuning, that is comparable to external cavity QCLS, the difficulties in beam combination limits their application. Vernier-switching DFB QCLs are an attractive alternative to DFB arrays, because several wavelengths can be multiplexed on a single ridge. However, Vernier-switching DFB QCL sources without integrated heaters require complicated driving electronics for continuous tuning. The Vernier-switching DFB QCLs with integrated heaters were realized on a single stack active regions with high performance. These sources can be considered as an alternative to conventional DFB arrays, since a relatively high number of modes can be multiplexed on a single ridge. Using multiple dual-wavelength sources was considered as another approach by our group for high-precision trace-gas spectroscopy over broad optical bandwidth (from 4.25 to 9.5 μm). These sources allow considerable simplification of the final multi-species gas spectrometer, and most importantly allow exploiting the narrow linewidth feature of DFB QCLs. The three designs reviewed in this article (dual-section, NDFB, and Vernier DFB QCLs) provide great freedom in optimization of both active region performance and antireflective coatings. Moreover they allow equalizing the performance of the lasers over the target optical bandwidth. The dual-wavelength Vernier DFB QCLs were shown to have full wavelength switching in short pulses. However, the intermittent continuous wave operation was limited on the switched channel because its average temperature of the active region is higher. Improvement of the output power efficiency of Vernier based switching devices is required before employing them to high-resolution gas-trace spectroscopy. In the current design, the performance of the active region is reduced by the heaters which are required for mode selection. Placing the gain sections in the middle of the device and designing short mirror sections on both ends of the Vernier tuning devices may significantly improve the performance of these devices. The combination of the first two dual-wavelength design and one single-DFB QCL in a small footprint multi-species trace gas spectrometer [18] yields high precision measurements of CO (0.08 ppb), CO 2 (100 ppb), N 2 O (0.045 ppb) (measured with dual-section DFB QCLs), and NO (0.4 ppb) and NO 2 (0.1 ppb) (measured with NDFB QCLs). This approach reduces the footprint and cost by replacing several instruments, while delivering direct, selective, and precise measurements of many target molecules. Table 1 . Summary of Allan-Werle deviations representing the 1σ limit of detection and the corresponding absorption noise given after 1s integration time and at the Allan deviation minimum ('best'), which was typically reached between 100 and 300 s integration time. Adapted from [18] , with permission of Springer.
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